The CXCR4 chemokine and Sonic Hedgehog (SHH) morphogen pathways are well-validated therapeutic targets in cancer, including medulloblastoma. However, single-agent treatments with SHH or CXCR4 antagonists have not proven efficacious in clinical trials to date. Here, we discovered that dual inhibition of the SHH and CXCR4 pathways in a murine model of SHH-subtype medulloblastoma exerts potent antitumor effects. This therapeutic synergy resulted in the suppression of tumor-propagating cell function and correlated with increased histone H3 lysine 27 trimethylation within the promoters of stem cell genes, resulting in their decreased expression. These results demonstrate that CXCR4 contributes to the epigenetic regulation of a tumor-propagating cell phenotype. Moreover, they provide a mechanistic rationale to evaluate the combination of SHH and CXCR4 inhibitors in clinical trials for the treatment of medulloblastoma, as well as other cancers driven by SHH that coexpress high levels of CXCR4.
Introduction
Medulloblastoma is the most common pediatric malignant brain tumor, and despite decades of research and clinical trials, overall survival rates remain below 70% (1, 2). Poor outcomes are especially prevalent within select subsets of the disease that are distinguished by their signature gene expression profiles and chromosomal aberrations. The identification of oncogenic mutations and transcriptional programs that drive tumor growth within discrete medulloblastoma subtypes has led to the application of targeted therapeutics (3, 4) . One such targeted therapeutic, GDC-0449 (vismodegib/Erivedge, Genentech), has been approved for the treatment of basal cell carcinoma and is currently in clinical trials for medulloblastoma of the Sonic Hedgehog (SHH) subtype (5, 6) . GDC-0449 inhibits Smoothened (Smo), an activating protein in the SHH signaling pathway. Although early results with GDC-0449 showed promise in treating medulloblastoma patients, the response was typified by initial regression, followed by rapid relapse and patient death (7) . Moreover, patients with basal cell carcinoma who received GDC-0449 treatment experienced a range of toxicities that limited dose and diminished patient compliance (8) .
In some cases, relapse in both medulloblastoma and basal cell carcinoma patients resulted from Smo mutations that reduced its affinity for GDC-0449 (9, 10) . In other cases, genetic alterations in downstream components of the SHH pathway rendered tumor cell growth independent of Smo activity (11, 12) . Still, in other cases, no Smo or SHH pathway component mutations were identified, and the basis for resistance remains undefined (6, 13) . Identifying additional targets to mitigate the risk of GDC-0449 resistance and recurrence and reducing toxicity of SHH pathway inhibition are required.
The SHH subtype of medulloblastoma (SHH-MB) derives from postnatal cerebellar granule neuron precursor cells (GNP), and many insights about medulloblastoma have stemmed from the study of normal cerebellar development (14) . Maximal GNP proliferation requires coactivation of the SHH and the CXCR4 chemokine pathways (15) . Together, these pathways also synergize to promote maximal medulloblastoma growth, and targeting CXCR4 alone with continuous infusion of specific inhibitors (AMD3100, AMD3465) was effective in preclinical studies of medulloblastoma and other brain cancers (16, 17) . Although short-term treatment with AMD3100 (plerixafor) is safe and efficacious in combination with GCSF for bone marrow stem cell mobilization (18) , continuous infusion of AMD3100 for 10 days in healthy HIV-positive individuals was associated with significant toxicities (19, 20) . Current clinical trials evaluating AMD3100 in patients with newly diagnosed or recurrent glioblastoma are evaluating the safety and efficacy of daily subcutaneous injection (NCI2012-00149) or 2 weeks of continuous intravenous infusion (NCI2013-02012). Here, we sought to determine whether combined CXCR4 and SHH antagonism can be utilized to circumvent GDC-0449 resistance and sensitize medulloblastoma to intermittent CXCR4 antagonism, which may be better tolerated.
Materials and Methods
Chemicals were obtained from Sigma-Aldrich unless otherwise noted.
Animal studies
Animals were used in accordance with an established Animal Studies Protocol approved by The Washington University School of Medicine Animal Studies Committee, ensuring adherence to all federal regulations for the humane care and use of animals in research projects. Both male and female mice were utilized in all studies; no significant effect of sex was observed.
Cerebellar granule neuron preparation
Postnatal day 6 (P6) or adult C57Bl/6J mice (The Jackson Laboratory) mice were euthanized and brains were removed. GNPs were isolated as described previously (17) .
SmoA1 tumor tissue processing
SmoA1 tumor cells were harvested from tumor-bearing ND2: SmoA1 (The Jackson Laboratory), as described previously (21) . Cells were either used immediately for xenotransplantation or cryopreserved in 90% FBS/10% DMSO. Intracranial implants. SmoA1 tumor cells (1 Â 10 5 ) in 5 mL DMEM/F12 were implanted into the cerebellum of NCRNU nude mice at 1 mm lateral and 1 mm posterior from the lambda and 2 mm below the dura (17) .
Xenotransplantation

Tumor treatment in vivo
Tumor-bearing mice were separated into four groups based on tumor size, to ensure equivalent average tumor volume between groups. For flank xenograft treatments, each mouse received either AMD3100 (16 mg/g in PBS), cyclopamine (2 mg/mL in HPBCD), or vehicle by subcutaneous injection and GCD-0449 (75 mg/g in DMSO/PBS) or vehicle by oral gavage once per day for 3 days, followed by at least 5 days of no drug administration. This was repeated twice more for a total of 9 treatment days over a 19-day period, and tumors were harvested 24 hours after the last drug administration. Tumor size was measured in three dimensions daily using digital calipers, and tumor volume was calculated as the product of these orthogonal measures. For intracerebellar xenograft treatments, mice received a single 3-day cycle of treatment.
Xenograft tissue processing
Flank tumor processing. Flank tumors were resected, and cells were flash frozen for protein extraction (17) , RNA extraction, and chromatin immunoprecipitation. Pieces of tumors were postfixed overnight in cold Prefer (Anatech), cryoprotected in 30% sucrose overnight, and embedded in paraffin for immunohistology. Live cells were diluted for extreme limiting dilution assay (ELDA) and subtransplantation into na€ ve animals (5,000,000 or 5,000 cells in Matrigel).
Intracranial tumor processing. Brains were removed, processed, and paraffin embedded (17) .
ELDA
ELDA assays for clonogenic (stem cell) frequency were performed precisely as in refs. 22, 23.
RNA purification, cDNA synthesis, and qPCR RNA was harvested from tissue or dissociated cells using TRIzol (Invitrogen), and cDNA was prepared for PCR using standard methods (22) . Real-time qPCR was performed using gene-specific primers (Supplementary Table S1 , and H&E staining were performed exactly as described previously (24) .
Smo/Sufu amplification and Sanger sequencing RNA was harvested from GNPs from C57Bl/6J mice (the parent strain of the SmoA1 mice) or from treated SmoA1 tumor cells, and cDNA was synthesized as above. The coding region of the SmoA1 gene encompassing the reported GDC-0449 resistance mutation (D477H, amplified region spanned from leucine380-asparagine562) was amplified using primers specific to the cDNA (Supplementary Table S1 ) to produce a 550-bp band, gel purified, and sequenced using internal primers (Supplementary Table S1 ; Genewiz). Similary, the Sufu gene was amplified using specific sequencing primers to cover the 1375 bp cDNA (listed in Supplementary Table S1) and sequenced in both directions.
Flow cytometry and cell sorting
At least 1 Â 10 6 cells were stained with PE-conjugated anti-SSEA1 (CD15, BD Biosciences 560142) and allophycocyaninconjugated anti-CXCR4 (BD Biosciences 558644) or their respective isotype controls. Cells were analyzed using a FACSCaliber flow cytometer (BD Biosciences), and data were analyzed using FlowJo (FlowJo, LLC). Negative gating was set according to isotype-stained controls and adjusted for each independent tumor sample. FACS into CXCR4 hi /CXCR4 lo populations was done using a BD FACSAria II or a Sony Synergy cell sorter after staining with allophycocyanin-anti-CXCR4. Analysis of the CXCR4 hi subpopulation was limited to those cells with greater than the 50th percentile surface CXCR4 expression in the CXCR4 hi peak. Analysis of the CXCR4 lo subpopulation was limited to those cells with less than the 50th percentile surface CXCR4 expression in the CXCR4 lo peak. Live cells were identified by exclusion of Sytox Green dye (Life Technologies).
Western blotting
Protein from tumor tissue or cells (30-100 mg/lane) was processed for Western blotting as described previously (21, 22) . Antibodies included phospho-Akt (Thr308, 1:300, Cell Signaling Technology), phospho-Akt (Ser473, 1:300, Cell Signaling Technology), pan Akt (Cell Signaling Technology, 1:500), CXCR4 (1:1,000, Leinco Technologies), and actin (1:2,000, Sigma).
Ultra-low input native chromatin immunoprecipitation
Sorted cells were processed for chromatin immunoprecipitation (ChIP) as described previously (18), using magnetic beads (Invitrogen) preloaded with anti-histone H3 trimethylated K4 (Abcam), anti-histone H3 trimethylated K27 (Millipore), or rabbit IgG (Millipore) diluted in ChIP buffer (20 mmol/L TrisHCl pH 8.0, 2 mmol/L EDTA, 150 mmol/L NaCL, and 0.1% Triton X-100). After standard processing, DNA was amplified using qPCR and primers specific to the promoter region of stem cell genes (Supplementary Table S1 ). Promoter histone methylation was calculated by normalizing to input DNA signal (precleared lysate control) after subtraction of background signal (rabbit IgG control pulldown).
Statistical analysis
For promoter methylation marks and stem cell gene expression analyses, two sample t tests compared the logarithm of transformed expression for each gene in CXCR4
hi versus CXCR4 lo cell subpopulations. Linear models were fit on the logarithm-transformed expression with incorporation of gene effect, CXCR4 cell subpopulation effect, and their interaction effect. Quantile-quantile plots of the resulting residuals were generated to confirm conformation to normality. The omnibus F test was conducted to test the null hypothesis that gene expression or histone methylation differed significantly between CXCR4 high and low cells in any of the genes under investigation. All tests were two-sided, and significance was claimed at a 5% level.
Other statistical analyses utilized t tests, ANOVA, or Fisher exact test as appropriate and as indicated in the figure legends.
Results
Multiple lines of evidence indicate that CXCR4 is overexpressed in medulloblastoma and represents an important therapeutic target (16, 17, 21) . The mechanism by which CXCR4 promotes medulloblastoma growth remains incompletely described. To evaluate whether the well-characterized SmoA1 mouse model of medulloblastoma would be appropriate for mechanistic studies of CXCR4 0 s protumorigenic functions, we measured the expression of CXCR4 in spontaneous SmoA1 medulloblastoma tumor samples. The majority of cerebellar development in both mouse and human brains occurs postnatally, with a peak in cerebellar GNP cell proliferation on P6 in murine models (15, 25) . Although CXCR4 expression in P6 cerebellum is significantly higher than the expression in adult tissue, SmoA1 tumor tissue contained the highest CXCR4 mRNA levels (Fig. 1A) , consistent with our previous reports using human medulloblastoma and cerebellar tissue (21) .
As CXCR4 must be expressed on the cell surface for an active response to its ligand, we next investigated its surface expression in dissociated tumor cells using flow cytometry. In primary medulloblastoma cells, we found that CXCR4 was highly localized to the cell surface at levels that exceeded those found for thymocytes, a cell type known to exhibit high levels of surface CXCR4 expression (Fig. 1B) . Similar to our studies of human medulloblastoma, the high surface and gene expression of CXCR4 in tumor cells occurred in the absence of expression of the alternate CXCL12 receptor, CXCR7, which functions as a negative regulator of CXCR4 signaling ( Fig. 1C ; refs. 21, 26) . The tumor phenotype of high levels of CXCR4 expression, in the absence of CXCR7, is in stark contrast to the developing cerebellum, where P6 granule precursor cells express high levels of both CXCR4 and CXCR7.
Comparison between the SmoA1 and thymocyte flow cytometry profiles analysis highlights a bimodal distribution of surface CXCR4 in SmoA1 cells. Although the thymocyte peak is sharp and narrow, the SmoA1 profile has a substantial shoulder at lower levels of CXCR4 expression (Fig. 1B) . CXCR4 is highly expressed in neural stem cells (27) , and we hypothesized that surface CXCR4 expression might correlate with stem cell marker expression and function. We found that the expression of CD15, an established surface carbohydrate antigenic marker of murine medulloblastoma stem cells (28, 29) , was positively correlated with surface CXCR4 expression ( Fig. 2A) . There was no measureable difference in total CXCR4 expression between the CXCR4 hi and CXCR4 lo subpopulations, suggesting that surface CXCR4 localization might be mechanistically related to tumor-propagating cell (TPC) function ( Fig. 2A, inset) . To test this hypothesis, we physically Fig. 2B ), confirming that CXCR4 surface localization, not total CXCR4 expression, was correlated with clonogenic function. In medulloblastoma, as in other cancers, the clonogenic function of TPCs is dependent upon a transcriptional program and correlates with the expression of stem cell markers (30) . We compared the expression of these markers in CXCR4
hi and CXCR4 lo subpopulations in primary tumors and found greater expression of Sox9, Sox2, Bmi1, and nestin in the CXCR4 hi subpopulation, consistent with their greater fraction of clonogenic cells (Fig. 2C , P ¼ 0.0185 for the difference between CXCR4 hi and CXCR4 lo subpopulations). The stem cell versus differentiated cell transcriptional program is regulated through characteristic histone modifications and transcription factor activity. Promoters for genes associated with differentiation are enriched for both the activation mark, trimethylation of histone H3 lysine 4 (H3K4me3), and the repressive mark, H3K27me3 (31) . In contrast, stem cell gene promoters are only enriched in H3K4me3 marks. We examined these histone modifications in the promoters of the stem cell genes and found there was 2-and 1.5-fold greater H3K4me3 at the Bmi1 and nestin promoters in the CXCR4lo compared with the CXCR4 hi population, respectively (Fig. 2D) . In contrast, the suppressive H3K27me3 mark was approximately 30-to 40-fold greater in the promoters of each of the stem cell genes in the CXCR4 lo compared with the CXCR4 hi subpopulation ( Fig. 2E , P ¼ 2.1EÀ7 for the difference between CXCR4 hi and CXCR4 lo subpopulations). Thus, the levels of CXCR4 surface expression are correlated with epigenetic regulation of stem cell gene expression and a functional stem cell state.
These findings suggested that the reported antitumor activity of CXCR4 antagonists might result from a direct effect on tumor cells to abrogate their TPC activity. To study this, we undertook a staged evaluation of combined SHH and CXCR4 antagonism. In pilot experiments, we opted for flank implantation of primary isolates derived from multiple SmoA1 tumors into immunocompromised mice to facilitate continuous measurement of growth and reisolation of tumor cells for posttreatment studies. First, we tested whether intermittent treatment with the CXCR4 antagonist AMD3100 and SHH antagonist cyclopamine, either alone or in combination, would exhibit significant antitumor effects. Neither drug alone was effective at blocking tumor growth ( Supplementary  Fig. S1A ). In contrast, four cycles of 3-day on/5-day off combined AMD3100 and cyclopamine were highly effective and blocked tumor growth. To enhance the clinical relevance of these studies, we performed a second pilot study in nude mice using GDC-0449 instead of cyclopamine. Tumors were established from an independent cohort of SmoA1 primary tumors. Although the cell number was identical in both experiments (1 Â 10 6 /injection) and initial tumor volumes were comparable between the experiments (experiment 1, 584 AE 116 mm 3 ; experiment 2, 901 AE 302 mm 3 ), the rate of growth in xenografts derived from the second set of tumors was slower, and fold growth was lower compared with the first trial (compare fold growth in Supplementary Fig. S1A and S1B). In this second pilot experiment, we limited our analysis to measure differences between AMD3100 and GDC-0449 alone or in combination. Although SmoA1 mutation (Smo W539L) results in relative resistance to GDC-0449 (32), 3 days of treatment produced an immediate reduction in tumor growth compared with treatment with AMD3100 alone. However, with each successive treatment, the depth of the response lessened, and tumors rapidly regrew when treatment was stopped ( Supplementary  Fig. S1B ). Again, combined SHH and CXCR4 antagonism was synergistic and yielded superior inhibition of tumor growth over the experimental period. Together, these studies in nude mice indicate that the combination of CXCR4 and SHH antagonism has superior therapeutic effects associated with suppression of tumor regrowth even after treatment cessation.
To further enhance the clinical relevance of these studies, we treated larger cohorts of tumor-bearing wild-type immunocompetent C57Bl/6J mice. Starting tumor volumes were again comparable with those in the pilot experiments (840 AE 71 mm 3 ). As expected, vehicle-treated tumors grew at a rapid and continuous rate (Fig. 3A) . Consistent with the findings in nude mice, intermittent AMD3100 did not slow tumor growth, indicating that successful single-agent application of CXCR4 antagonists in the clinic may require continuous exposure.
Seventy-two hours of GDC-0449 treatment was adequate to promote transient tumor regression to approximately 50% of pretreatment volumes (vehicle 125.3% AE 5.7 vs. GDC 64.0 AE 6.4, P < 0.0001). In the absence of continued treatment, the tumors consistently rebounded to their pretreatment sizes. Combined AMD3100 and GDC-0449 treatment of tumor-bearing C57Bl/6J mice was superior to treatment with GDC-0449 alone, suggesting Mice from each cohort were separated into four treatment groups yielding final treatment numbers of vehicle (VEH; n ¼ 19), AMD3100 (n ¼ 21), GDC-0449 (n ¼ 21), and AMD3100/GDC-0449 (n ¼ 23). Mice were treated with the indicated drug for 3 consecutive days (arrowheads), followed by 5 days of no treatment. This dosage schedule was repeated for a total of three treatment periods prior to tumor harvest. Tumors were measured daily, blinded to treatment group, using digital calipers in three dimensions (width, height, and length), and all measurements were normalized to the tumor size at day 0 (pretreatment). ÃÃÃ , P < 0.001 comparing GDC-0449-treated tumors and AMD3100/GDC-0449-treated tumors, two-way ANOVA. B, Representative images of BrdUrd labeling (red) in each of the treatment groups. Nuclei were counterstained with DAPI. BrdUrd-positive and total nuclei were counted in sections from three separate mice from each treatment group. Quantification of the mean and SEM of the numbers of positive nuclei per high powered fields are shown. Both GDC-0449 and AMD3100/GDC-0449 treatments significantly reduced the numbers of BrdUrd-positive nuclei. The combined treatment suppressed BrdUrd incorporation more than GDC alone ( Ã , P < 0.05, as determined by two-tailed t test). C, Representative images of Nmyc or no primary control (Con) immunostaining from each of the treatment groups. Scale bar, 100 mm.
that the mechanistic advantage of combined therapy is independent of both immune activity and other strain-dependent differences between nude and C57Bl/6J mice. We evaluated the basis for the antitumor synergy between AMD3100 and GDC-0449 with measures of proliferation in tumor tissue. Four hours prior to euthanasia, mice were injected with BrdUrd to label actively proliferating cells. Blinded quantification of BrdUrd positivity indicated that AMD3100 had no effect on proliferation, but that GDC-0449 alone significantly reduced it (Fig. 3B) . Moreover, the combination of AMD3100 and GDC-0449 more potently blocked proliferation than either drug alone. We next examined the expression of Nmyc by immunohistochemical analysis of tumor tissue. Nmyc is known to be regulated by SHH and to mediate its effects on proliferation (33) . AMD3100 had no effect compared with vehicle controls (Fig. 3C ), but consistent with its effects on BrdUrd incorporation, GDC-0449 reduced Nmyc expression. Combined AMD3100 and GDC-0449 exhibited the greatest effect on Nmyc expression, which appeared to be completely abrogated by the combined treatment.
We further assessed the potential for antitumor effects through increased apoptosis and examined the abundance of cleaved caspase-3 (CC3). AMD3100 treatment alone had an apparent effect on apoptosis and mildly elevated the fraction of CC3-positive cells compared with controls ( Supplementary  Fig. S1C ). GDC-0449 alone or in combination with AMD3100 had no effect on CC3 positivity. Together, these data indicate that combined AMD3100 and GDC-0449 block tumor growth primarily by inhibiting proliferation.
Finally, we sought to confirm the antitumor effects of combined GDC-0449 and AMD3100 in orthotopic intracerebellar xenografts. Xenografts were established in nude mice and allowed to grow for 8 weeks prior to randomization to the four treatment groups. Mice were treated for 3 days, and 24 hours after the last treatment, brains were processed for IHC. Tumors grew in a highly infiltrative fashion in the cerebellum (Fig. 4A) . Proliferation rates (Ki67 þ nuclei/total nuclei) were high (22 AE 5.8%) in vehicletreated tumors as assessed by Ki67 IHC (Fig. 4B) . Proliferation rates were reduced in all other treatment groups, with the greatest reduction occurring in the cotreatment group (AMD, 2.8 AE 2.8%; GDC-0449, 1.45 AE 0.2%; AMD/GDC, 0.97 AE 0.2%). Again, reductions in proliferation correlated with decreases in Nmyc expression (Fig. 4C) . Together, these data confirm the synergistic effects of combined CXCR4 and SHH antagonism in an orthotopic model of medulloblastoma. We were next interested in the potential mechanisms of resistance to GDC-0449. First, we looked directly at GDC-0449 effects on Gli2 expression in tumor tissue. Not only is Gli2 a target of SHH signaling, amplification of GLI2 is a known mechanism of resistance to GDC-0449 in basal cell carcinoma (11) and medulloblastoma (34) . We found that GDC-0449 potently inhibited the expression of Gli2, consistent with direct inhibition of Smo by GDC-0449 and the absence of Gli2 amplification as a mechanism of resistance ( Supplementary Fig. S2A ). GDC-0449 resistance in both laboratory-based and clinical settings can also result from emergence of tumor subclones harboring mutations in SMO or the downstream mediator SUFU (34). Resistance-promoting SMO mutations are typically in its ligand-binding pocket (human residues D473G, H231R, W281C, Q477E). These mutations reduce the affinity of drug:target interactions (9) . Activating mutations in SUFU result in persistent SHH pathway signaling independent of Smo activity (12) . To determine whether tumor regrowth in the GDC-0449 treatment group was the result of acquired mutations in murine Smo or Sufu, we sequenced the DNA encompassing the ligand-binding pocket region of the murine Smo gene and the entirety of murine Sufu following GDC-0449 treatment and tumor regrowth. We found no evidence of additional Smo or Sufu mutations in 10 recurrent tumors after GDC-0449 treatment alone or in combination with AMD3100 ( Supplementary Fig. S2B ).
Resistance to GDC-0449 has also been ascribed to modulatory pathways like the PI3K pathway (35, 36) . To determine whether resistance to GDC-0449 might relate to increased PI3K pathway activity, we performed Western blot analysis of tumor tissue lysates for two different phosphorylation sites on Akt. Recurrence after GDC-0449 treatment was not associated with any change in pT308 (Supplementary Fig. S2C ). There was a trend toward increased phosphorylation at S473 in GDC-0449 treated tumors, but this did not reach statistical significance and was abrogated by cotreatment with AMD3100. Thus, additional mechanisms might drive regrowth after GDC-0449 treatment.
Tumor regrowth is driven by TPC function. As TPC function was correlated with high levels of surface CXCR4 expression, and as tumor regrowth was blocked by cotreatment with AMD3100, we sought to determine whether treatment altered surface localization of CXCR4. We measured the proportion of CXCR4 hi and CXCR4 lo cells recovered from in vivo-treated tumors. Vehicle-and AMD3100-treated tumors exhibited the same biphasic staining pattern (Fig. 5A) , with the majority of cells exhibiting high levels of surface CXCR4 expression. In contrast, GDC-0449 treatment either alone or in combination with AMD-3100 significantly shifted the cell population from CXCR4 hi to CXCR4 lo , with a significant decrease in the magnitude of total CXCR4 surface signal (Fig. 5B ) and total CXCR4 protein (Fig. 5C ). The effect of GDC-0449 on CXCR4 internalization is similar to what has been previously reported for cyclopamine (21) and again suggested that the SmoA1 mutation does not completely abrogate sensitivity to GDC-0449. The pattern of surface CXCR4 staining was similar between GDC-0449-treated and dual-treated tumor cells, indicating that the added antitumor effect of combining AMD3100 with GDC-0449 was not a result of a further loss of surface CXCR4. Together, these data suggest that inhibition of Smo by GDC-0449 promotes the downregulation of CXCR4 from the cell surface, but only in a subset of tumor cells. The persistence of high levels of surface CXCR4 in the remaining cells suggested the possibility that these cells are resistant to the effects of GDC-0449 and may be the source of TPC activity that drives regrowth.
To determine whether combined SHH and CXCR4 inhibition abrogated TPC function, we subtransplanted cells derived from tumors in each of the in vivo treatment groups into na€ ve animals to directly measure their in vitro clonogenic capacity and in vivo tumorigenicity. Consistent with published studies (37), clonogenic cell frequency was approximately 0.2% in tumor-derived heterogeneous cell suspensions from vehicletreated tumors (Fig. 6A) . Monotherapy with AMD3100 or GDC-0449 alone had no effect on the clonogenic cell frequency. In contrast, cotreatment with AMD3100 and GDC-0449 significantly diminished the clonogenic cell frequency to less than 0.05%, suggesting that this therapy uniquely targets the medulloblastoma stem-like cell pool. Consistent with these ELDA results, vehicle-and single agent-treated tumors retained their tumorigenic potential and reinitiated tumors in more than 50% of recipient animals following transplantation of only 5,000 cells (Fig. 6B) . The histology of subtransplanted tumors closely resembled those of the original tumor (Fig. 6C) . Strikingly, tumors formed in only 20% of animals that received cells from tumors treated with both AMD3100 and GDC-0449. In all cases, cells isolated from these subtransplanted tumors (in cases when they grew) exhibited uniformly high levels of surface CXCR4, highlighting the functional relevance of surface CXCR4 levels to recurrence (Fig. 6D) .
Recurrence is driven by the activity of a stem-like subpopulation of tumor cells. This stem-like state is maintained through epigenetic mechanisms, including the balance between activating and repressive histone marks in the promoters of stem cell genes (38) . To determine whether the effect of combined AMD3100 and GDC-0449 on in vitro clonogenicity and in vivo tumorigenicity was correlated with differences in the epigenetic regulation of stem cell gene expression, we measured the abundance of activating H3K4 and repressive H3K27 trimethylation marks in the promoters of stem cell genes from CXCR4 hi specimens isolated from in vivotreated tumors. Similar to what we observed when comparing the CXCR4 hi and CXCR4 lo populations, there was no correlation between the effects of treatment on clonogenic cell frequency or in vivo tumorigenicity and levels of H3K4 trimethylation, which were similar regardless of treatment (Fig. 7A) . However, consistent with the hypothesis that combined GDC-0449 and AMD3100 uniquely suppress the TPC phenotype, increased H3K27 trimethylation repressive marks were observed in the promoters of each of the stem cell genes in the combined treatment condition (Fig. 7B) . Consistent with this effect, combined AMD3100 and GDC-0449 treatment decreased the expression of both Bmi1 and Sox2 in intracerebellar xenografts compared with all other treatment groups (Fig. 7C ).
Discussion
In this study, using two different treatment paradigms in two different mouse strains, we show that combined CXCR4 and SHH pathway antagonism displays synergistic antitumor activity in Figure 5 . GDC-0449 promotes downregulation of surface CXCR4 in a subset of tumor cells. In vivo-treated tumors were processed into single-cell suspensions and analyzed by flow cytometry or Western blotting. A, Surface expression of CXCR4 was determined using flow cytometry. Representative histograms are shown. To the left of the vertical dotted line is the CXCR4 lo and to the right of the dotted line the CXCR4 hi subpopulations. B, Total CXCR4 fluorescence intensity (MFI) was quantified from flow cytometry data (n ¼ 3-5 independent tumors from each treatment group).
ÃÃ , P < 0.005; ÃÃÃ , P < 0.001, as compared with vehicle (VEH) using unpaired t test. C, Total CXCR4 was measured using Western blotting. Total protein was normalized to actin and to vehicle-treated tumor samples.
both flank and intracerebellar orthotopic xenograft models of medulloblastoma. The enhanced therapeutic effect was associated with decreased proliferation and a unique reprogramming of TPC potential of a subpopulation of cells that exhibited high levels of surface CXCR4 expression. As both AMD3100 and GDC-0449 are already available for human use, testing this treatment regimen should move rapidly into clinical trials.
The data presented here suggest a model of activity with at least three components that could be addressed in future studies to better define the mechanisms by which SHH and CXCR4 converge on the maintenance of a TPC phenotype and to further advance their effective cotargeting. The first is the apparent sensitization of SmoA1 cells to intermittent AMD3100 by GDC-0449 treatment. Intermittent AMD3100 had no activity as a single agent. This is in contrast to continuous AMD3100 treatment in the PTC heterozygous mouse model and continuous AMD3100 or AMD3465 in the Daoy model (16, 17, 21) . Treatment with GDC-0449 resulted in a significant loss of surface CXCR4 expression in most, but not all, cells. The importance of residual surface CXCR4 to tumor regrowth following GDC-0449 treatment was clearly shown by the synergistic effect that combined GDC-0449 and AMD3100 had on tumor regrowth, in vitro clonogenicity, and in the in vivo subtransplanted tumorigenic potential of treated cells.
The second component of the model is the clear relationship observed between surface CXCR4 and TPC phenotype and function. This was evident in the correlation between surface CXCR4 and expression of CD15, stem cell marker genes, clonogenicity, and in vivo tumorigenicity. Although GDC alone had no effect on TPC function, it did promote a split in the tumor cell population to those in which there was maintenance of both high levels of surface CXCR4 expression and TPC activity and those with lower levels of surface CXCR4 expression and TPC activity. The relationship between surface CXCR4 and TPC activity is likely to relate to the abnormal mode of CXCR4 signaling previously described in multiple types of brain tumor cells, in which there is prolonged suppression of cAMP levels through sustained heterotrimeric G protein signaling (17, 39, 40) . In several cases, this appears to be the result of decreased GRK expression and activity. Here, the absence of CXCR7 expression, a negative regulator of CXCR4 surface localization and CXCR4-induced heterotrimeric G protein signaling, suggests that this may be an additional mechanism by which very high levels of surface CXCR4 are achieved. High levels of CXCR4 expression in the absence of CXCR7 were also seen in human medulloblastoma, emphasizing the relevance of these findings to human disease.
The third component of the model relates to whether the combined effects of AMD3100 and GDC-0449 on histone modification, stem cell gene expression, and TPC function are mediated directly on the persistent CXCR4 hi population or on the CXCR4 lo population to block a TPC-promoting effect they have on the CXCR4 hi cells. If the effect is direct, GDC-0449 might sensitize CXCR4 hi cells to the effects of AMD3100 by altering CXCR4 coupling to downstream pathways that converge on epigenetics and gene expression. Again, this could involve SHH pathway effects on CXCR4 modulators that determine the bias between heterotrimeric-dependent and -independent events downstream of receptor activation (41) . If the effect is indirect, the effects of combined AMD3100 and GDC-0449 might be mediated through the CXCR4 lo subpopulation. Although these cells do no possess significant TPC activity themselves, they emerge upon GDC-0449 treatment and thus may be a unique target of AMD3100. If this is the case, they may provide paracrine support for the TPC activities in the CXCR4 hi population. Tumor-propagating activity can be abrogated by combined SHH and CXCR4 antagonism. A, Clonogenic cell frequency was calculated from ELDA assays performed with unsorted single-cell suspensions isolated from in vivo-treated tumors (n ¼ 3-5 independent tumors from each treatment group). Ã , P < 0.05 as determined by unpaired t test for the comparison between GDC alone and dual-treated tumors. VEH, vehicle. B, In vivo-treated tumors were processed into a single-cell suspension and subtransplanted into na€ ve immunocompetent C57Bl/6J animals (5,000 cells/implant). Tumor formation was gauged as growth of a tumor at least 5 mm in any dimension within 6 months of implantation date. Dual-treated tumors were significantly impaired for growth in na€ ve animals, P ¼ 0.05 as determined by Fisher exact test for the comparison between dual treatment and GDC-treated tumors. C, Tumor tissue from in vivo-treated tumors was compared with tumor tissue in subtransplanted (Sub) animals by hematoxylin and eosin staining. Scale bar, 20 mm. D, Tumor tissue from in vivo-treated tumors (gray histograms) or from tumor tissue in subtransplanted animals (red histograms) was processed into a single-cell suspension prior to staining for surface CXCR4 and flow cytometry. All tumors that formed after subtransplantation expressed high levels of CXCR4 on the cell surface.
The mechanistic details of these models will be defined in future studies. Although this work is ongoing, the results presented here support the combined administration of GDC-0449 and AMD3100 for patients with SHH subtype medulloblastoma and other cancers where these pathways are coexpressed.
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